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R E S E A R C H  A R T I C L E
Sexual signal loss: The link between behaviour and rapid 
evolutionary dynamics in a field cricket
























loss	 of	 the	 sexual	 signal,	 the	 song,	 spread	 in	 <20	 generations	 in	 two	 of	 three	















also been attracted to the song.
5.	 Our	evidence	suggests	that	pre-existing	behavioural	plasticity	(manifest	as	flexi-
ble	responses	to	social—particularly	acoustic—information	in	the	environment)	is	
associated	with	 the	 rapid	 spread	of	 the	 flatwing	 trait.	Different	 social	environ-
ments	select	for	differential	success	of	flatwing	or	normal-wing	males,	which	in	
turn	alters	the	social	environment	itself.
K E Y W O R D S
behavioural	preadaptation,	field	cricket,	natural	selection,	phenotypic	plasticity,	rapid	
evolution,	sexual	selection,	Teleogryllus oceanicus
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1  | INTRODUC TION

















the	organisms	 in	question.	 If,	 for	example,	high	population	density	
allows	frequent	encounters	with	potential	mates,	this	could	compen-
sate	for	decreased	signalling.	Alternatively,	sexual	signal	 loss	could	





signal	 loss	 is	rare,	however,	we	 lack	empirical	evidence	for	the	cir-
cumstances	surrounding	signal	 loss	and	for	 its	effects	on	both	the	
signalling	sex	and	the	receiver.
Here,	 we	 address	 these	 deficits	 in	 our	 understanding	 by	 ex-
amining	the	consequences	of	rapid	sexual	signal	 loss	 in	the	Pacific	












More	 recently,	 a	 new	 male	 morph,	 “flatwing,”	 that	 lacks	 the	




flatwing.	 The	 mutation	 spread	 on	 Kauai	 within	 about	 20	 genera-
tions,	or	5	years,	providing	an	example	of	extremely	rapid	evolution,	
as	well	as	sexual	signal	loss	(Zuk	et	al.,	2006).	However,	the	flatwing	







This	 situation	 affords	 the	 opportunity	 to	 examine	 the	 conse-
quences	of	the	loss	of	a	sexually	selected	trait	on	males	and	females	
in	a	wild	setting.	Crickets	on	the	two	islands	with	flatwings	are	now	
faced	 with	 a	 substantially	 changed	 social	 environment,	 one	 that	
contains	 far	 less	conspecific	 song,	and	 far	 fewer	opportunities	 for	
encountering	a	mate,	than	that	found	on	the	Big	Island.	Laboratory	
experiments	have	shown	that	the	acoustic	environment	influences	




















Since	 the	 appearance	 of	 large	 numbers	 of	 flatwings	 on	 Kauai	











Our	 purpose	 here	 is	 twofold.	 First,	we	document	 the	 changes	
in	 relative	 proportions	 of	 flatwing	 and	 normal-	wing	 crickets	 since	
the	 former	 first	 appeared,	 as	well	 as	 the	 responses	 of	 both	 sexes	
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1. How	 has	 the	 abundance	 of	 flatwings	 relative	 to	 normal	 males	
changed	through	time	on	each	island?	If	the	ratio	of	the	morphs	
remains	 relatively	 stable	 on	 Oahu	 and	 Kauai,	 the	 acoustic	 en-
vironment	 is	 similarly	 consistent	 over	 time,	 creating	 the	 op-
portunity	for	selection	to	act	on	the	novel	genotype.	Conversely,	
fluctuations	in	relative	abundance	would	suggest	that	the	system	
is	unstable,	with	 the	potential	 for	 local	extinction.	The	contrast	
between	 Kauai,	 which	 is	 nearly	 all	 flatwing,	 and	 Oahu,	 which	
has	 substantial	 numbers	 of	 callers,	 is	 particularly	 informative.




their behaviour when they mature in an environment without call-
ing	 song	 and	become	more	phonotactic	 and	 less	 discriminating	
(Bailey	 &	 Zuk,	 2008),	 we	 expect	 phonotaxis	 to	 be	 more	 pro-
nounced	in	the	more	silent	environment	of	Kauai	than	on	the	Big	






was	widespread	on	Kauai	after	 fewer	 than	20	generations	 (Zuk	
et	al.,	2006).	The	survey	data	reported	here	span	approximately	
twice	that	time,	which	may	have	afforded	the	opportunity	for	se-
lection	 to	 have	 acted	 on	 phonotaxis.	We	were	 therefore	 inter-
ested	 in	 examining	 whether	 later	 responses	 to	 playback	 were	
different	from	those	at	the	start	of	our	surveys.
2  | MATERIAL S AND METHODS
2.1 | Field methods
We	conducted	cricket	surveys	and	playback	experiments	on	lawns	
at	 four	 sites	 on	 three	 islands:	 Hilo,	 on	 the	 Big	 Island	 of	 Hawaii	
(University	 of	 Hawaii-	Hilo	 campus	 and	 First	 United	 Protestant	
Church);	Manoa	(University	of	Hawaii-	Manoa	Astronomy	Center	and	












the	 sex,	 the	wing	 type	 and	 the	 number	 of	 each,	 and	 translocated	
them	 away	 from	 the	 circle.	 Thus,	we	 had	 three	 types	 of	 crickets:	




















(see	Rotenberry	et	al.,	1996	 for	 sonogram).	Portions	of	 the	survey	






to	 conduct	 the	 same	 number	 of	 survey	 plots	 at	 every	 site	 during	
every	visit	as	both	the	number	of	days	at	a	site	and	their	weather	
conditions	 varied.	 Ultimately	 we	 deleted	 as	 unrepresentative	 five	
site-visits	 with	 n	=	3	 or	 2	 survey	 plots.	 After	 incorporating	 these	
deletions	and	 those	associated	with	 rain	or	 low	temperatures,	our	
final	dataset	consisted	of	31	site-	visit	samples	with	a	range	of	6–33	
F IGURE  1 Teleogryllus oceanicus	sampling	locations	in	the	
Hawaiian	archipelago	(stars).	Italicized	font	indicates	population	
labels used throughout the study





For	analyses	applied	 to	data	 consisting	of	either	 counts	or	pro-
portions	of	 the	number	of	 individuals	 in	 a	 survey	plot,	we	used	
generalized	 linear	models	 (GLMs;	McCullagh	 and	Nelder,	 1983)	
as	implemented	in	SAS	PROC	GENMOD	(SAS	Institute,	2013)	to	
account	 for	 the	 lack	of	normality	 in	error	 terms.	For	count	data	





and	 the	 total	 number	 of	 crickets),	 where	 both	 the	 number	 of	
“events”	 and	 the	 number	 of	 “trials”	 are	 given	 as	 the	 dependent	
variables.	We	 evaluated	 significant	 differences	 among	main	 ef-




sess	 correlations	of	 abundances	across	 sites	based	on	 individual	
data	 points	 (i.e.	 survey	points),	 no	data	 point	 at	 one	 site	 can	be	
specifically	 linked	to	one	data	point	 in	another	site,	even	though	
sites	 are	 sampled	at	 the	 same	 time.	We	adopted	a	 solution	pro-
vided	 by	 Hamlett,	 Ryan,	 Serrano-	Trespalacios,	 and	 Wolfinger	
(2003);	for	each	pair	of	sites	we	employed	a	mixed-	effects	model	
(PROC	MIXED;	 SAS	 Institute,	 2013)	 using	 site	 as	 the	main	 (ran-




effect	 (Hamlett,	 Ryan,	 &	Wolfinger,	 2004;	 Hamlett	 et	al.,	 2003;	
Luo	et	al.,	2015).	We	evaluated	significance	of	correlations	in	both	
cases	following	Luo,	D’Angelo,	Gao,	Ding,	and	Xiong	(2015),	who	
provide	 a	method	 for	 estimating	 confidence	 limits.	 For	 analyses	
relating	to	before-	and-	after	counts	 in	response	to	playbacks,	we	
calculated	 the	 difference	 (after	 minus	 before,	 so	 that	 a	 larger	
value	denoted	a	more	positive	response)	and	used	a	GLM	with	a	
normal	error	distribution.	For	distances	 from	speakers	at	end	of	
playbacks,	 we	 used	 a	mixed	model	 applied	 to	 individuals,	 treat-
























Big Island Kauai Oahu
Hilo Kauai Manoa La’ie
25	Jul–14	Aug	2005 0 31 33 22 —
18–22	Apr	2007 21 — 11 10 —
4–17	Sep	2007 26 22 20 24 —
6–20	Feb	2008 31 — 27 24 —
2–11	Sep	2008 38 18 24 18 21
16–22	Mar	2009 44 — — — 14
27	Oct–6	Nov	2009 52 11 10 — 19
11–27 Aug 2010 62 20 14 11 12
27	Dec–10	Jan	2011 66 12 — 18 17
12–20 Jun 2011 72 12 — — 18
7–16	Feb	2012 80 — 6 — 12
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Throughout	 the	>7-	year	period,	 the	 abundances	of	 each	of	 the	
three	cricket	classes	varied	in	different	ways	among	sites	(Figure	2;	




flatwings	were	very	scarce	 in	plots	at	Hilo,	whereas	 the	other	 two	
sites	were	intermediate	in	their	abundance	of	both	phenotypes.









males	did	not	 (p	>	.20).	Females	also	 increased	at	Kauai	 (p	<	.001).	
Apart	from	Hilo,	the	number	of	flatwings	did	not	significantly	trend	
through	time	at	the	other	sites	(all	p	>	.20).	Overall,	the	total	num-






















































































































































































Survey plots Site-visits Females Normal males Flatwing males Total crickets
Hilo 149 8 1.74	(1.80)	b 1.02	(1.35)	a 0.05	(0.25)	a 2.81	(2.70)	a,b
La’ie 138 8 2.60	(2.81)	a 0.85	(1.43)	a 0.39	(0.75)	b 3.84	(4.08)	a
Manoa 127 7 2.62	(3.15)	a 0.87	(1.64)	a 0.46	(0.83)	b,c 3.94	(4.64)	a
Kauai 145 8 1.54	(1.91)	b 0.00	(0.00)	b 0.74	(1.15)	c 2.29	(2.50)	b
628  |    Journal of Animal Ecology ZUK et al.
Flatwings	as	a	proportion	of	all	males	sampled	differed	signifi-
cantly	 among	 sites	 (GLM	 of	 flatwings/total	 males	 p	<	.001),	 with	





Although	 the	 number	 of	 females	 varied	 among	 sites	 (Figure	2,	
Table	2),	the	sex	ratio	as	 indexed	by	the	proportion	of	females	per	
survey	plot	did	not	differ	statistically	among	sites	(GLM	of	females/














dances	of	 the	 three	 types	of	crickets	 (females,	normal-	wing	males	




significantly	 (r	=	.18	±	.16).	 At	 La’ie,	 females	 were	 correlated	 with	
normal-	winged	and	flat-	winged	males	 (r	=	.57	±	.13	and	0.31	±	.15),	
although	 the	 two	male	 types	were	not	correlated	with	each	other	
(r	=	.13	±	.18).	On	Kauai,	where	we	found	no	normal-	wing	males	 in	









Flatwing	 response	 differed	 significantly	 among	 sites	 (GLM	 of	 be-
fore/after	difference,	p	<	.001),	with	Kauai	differing	from	the	other	
sites	 (greater	number	of	 individuals	 after	playback;	Tukey–Kramer	
p	<	.001),	 which	 did	 not	 differ	 among	 themselves	 (all	 p	>	.95)	
(Figure	5a).	Normal-	wing	males	were	somewhat	less	likely	to	respond	
to	playbacks	than	flatwings,	and	in	only	a	few	cases	were	normals	
more	abundant	after	playbacks	 than	before.	Overall,	 the	 response	
for	 normal-	wing	 males	 did	 not	 differ	 among	 sites	 (GLM	 p = .16; 
Figure	5b).	 Like	 flatwings,	 females	 were	 significantly	 attracted	 to	
playbacks	in	several	of	the	samples	on	Kauai,	but	not	the	other	sites,	




Differences	 among	 the	 responses	 of	 normal-	wing	 males,	
flatwings	and	females	were	clearly	driven	by	Kauai.	All	three	types	
co-	occur	in	some	abundance	at	La’ie	and	Manoa.	Pooling	those	two	
sites,	 there	 is	no	significant	difference	 in	the	slopes	of	the	regres-
sions	of	the	number	of	each	type	after	vs.	before	playback	(p = .12; 
Figure	6).	 Indeed,	 the	response	to	playback	by	flatwings	at	Manoa	











among	 sites	 (all	 Tukey–Kramer	p	>	.5),	whereas	 those	 for	 flatwing	
males	did,	with	distances	at	La’ie	greater	 than	 the	other	 two	sites	
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either	type	(p	<	.05),	which	did	not	differ	among	themselves	(p	>	.9),	
whereas	at	Manoa	 females	and	 flatwings	were	 significantly	 closer	
than	normals	(p	=	.03;	Table	3C).	At	Hilo,	females	did	not	differ	from	
normals,	nor	did	females	differ	from	flatwings	at	Kauai	(both	p	>	.9).
Overall,	 the	 flatwing	 response	 to	 playbacks	 at	 Kauai	 lessened	






ulation	 changes	 in	 real-	time	 during	 and	 after	 a	 rapid	 evolutionary	
event,	 the	 spread	 of	 a	mutation	 causing	 the	 loss	 of	 sexual	 signal-












Number of flatwing males before playback
(average per survey plot per site-visit)


















































Number of normal males before playback
(average per survey plot per site-visit)

















































Number of females before playback
(average per survey plot per site-visit)






























































Number of crickets before playback
(average per survey plot per site-visit)

























































data).	The	 first	 flatwings	on	Oahu	 (at	Manoa)	were	noted	 in	2005	
(Zuk	et	al.,	2006).	Here,	we	trace	their	rise	in	abundance	to	c.	50%	
of	males	in	survey	plots,	a	proportion	that	has	been	relatively	stable	
over	 time.	However,	 our	 site	 on	 the	Big	 Island	 has	 yielded	 only	 a	
handful	of	flatwings	over	the	years.	We	do	not	know	why	signal	loss	
occurred	at	different	rates	on	the	different	islands.
4.1 | Relative abundance and responsiveness of 
flatwing and normal- wing males
The	acoustic	environment	on	Kauai	is	essentially	silent,	and	in	keep-
ing	with	our	 laboratory	 findings	 (Bailey	&	Zuk,	2008;	Bailey	et	al.,	














nearly	 all	males	 are	 flatwings,	on	Oahu,	behavioural	dynamics	 ap-
pear	 to	 differ	 little	 between	 the	morphs	 (Figure	6).	 Instead,	 crick-






Coupled	 with	 observations	 about	 acoustically	 mediated	 flex-


















Types across sites Number of cricketsa Females Normal males Flatwing males
Hilo 160,	109,	– 106.8	(61.02)	a 115.7	(59.18)	a –
La’ie 320,	100,	48 98.2	(59.93)	a 124.1	(53.26)	a 126.5	(52.58)	a
Manoa 234,	78,	53 95.1	(61.30)	a 122.9	(51.61)	a 94.5	(60.43)	b
Kauai 398,	–,	341 94.3	(61.27)	a – 93.6	(62.55)	b
(B)





Among types within 
sites Number of cricketsb Hilo La’ie Manoa Kauai
Females 160,	320,	234,	398 106.8	(61.02)	a 98.2	(59.93)	a 95.1	(61.30)	a 94.3	(61.27)	a
Flatwing	males –,	48,	53,	341 – 126.5	(52.58)	b 94.5	(60.43)	a 93.6	(62.55)	a
Normal	males 109,	100,	78,	– 115.7	(59.18)	a 124.1	(53.26)	b 122.9	(51.61)	b –
aSample	sizes	listed	in	order:	females,	normal	males,	flatwing	males.
bSample	sizes	listed	in	order:	Hilo,	La’ie,	Manoa,	Kauai.
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we	see	different	behaviours	 in	the	surveys.	Alternatively,	 the	flex-
ibility	 itself	might	 have	 differed	 pre-	flatwing	 such	 that	 population	








ness	and	 latency	to	respond	to	 laboratory	playback	observed	 in	T. 
oceanicus	 (Bailey	&	Zuk,	2008;	Rebar	et	al.,	2011),	 the	variation	 in	
female	 response	speed	 induced	by	prior	acoustic	manipulations	 in	
the congener T. commodus	(Kasumovic,	Hall,	and	Brooks,	2012),	and	
decreased	 female	 responsiveness	 in	Gryllus lineaticeps males with 
prior	 experience	of	higher	duty	 cycle	 songs	 (Wagner	et	al.,	 2001).	
Heightened	 phonotaxis	 after	 experience	 of	 silence	 or	 less	 attrac-







Kauai	 females	 are	more	 likely	 to	mate	with	 flatwings	 than	 are	 fe-
males	from	other	populations,	they	still	prefer	males	that	can	pro-

































nificant	 comparisons	 for	 among-	site	 comparisons),	 suggesting	 that	
factors	 affecting	 the	 abundance	of	 crickets	were	 site-	specific	 and	
less	likely	to	reflect	larger	scale	phenomena,	such	as	climatic	varia-
tion,	affecting	all	sites	in	the	Hawaiian	archipelago.
Over	 the	course	of	our	 surveys,	 flatwings	became	 less	 respon-
sive	to	playback.	This	behavioural	trend	was	particularly	noticeable	
on	Kauai,	where	both	flatwing	males	and	females	were	increasingly	
non-	responsive	 over	 successive	 survey	 periods,	 although	 only	 sig-
nificantly	so	for	flatwings.	The	dynamics	on	Kauai	thus	again	appear	
to	differ	from	the	other	 islands,	although	we	do	not	know	whether	







4.4 | The future of flatwings
Our	 surveys	 reveal	 different	 trajectories	 for	 the	 flatwings	 on	
Oahu	and	Kauai.	The	different	proportions	of	the	flatwings	on	the	
two	 islands	acquire	new	significance	given	the	discovery	 that	 the	
morphs	 appear	 to	 be	 due	 to	 different	 mutations	 (Pascoal	 et	al.,	
2014).	Because	sex	determination	in	crickets	is	XX-	XO,	with	males	
always	 carrying	 only	 one	 copy	 of	 the	 allele,	 only	 females	 can	 be	
heterozygous	 for	 the	 trait.	We	do	not	 know	what	 effects,	 if	 any,	
the	 allele	 has	 in	 females	 since	 they	 never	 exhibit	wing	modifica-
tions	like	those	of	normal-	wing	males.	 It	 is	possible	that	the	allele	




may	have	 led	 to	 the	mutation	being	 favoured	 there	 first,	but	 this	
does	not	explain	why	substantial	numbers	of	the	morph	have	not	
proliferated	 in	Hilo	 on	 the	Big	 Island,	 nor	why	 the	 spread	 of	 the	






trait loss could contribute to variation in the evolutionary dynamics 
of	different	populations.
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Alternatively,	 it	 is	 possible	 that	 some	 as-	yet	 unidentified	
ecological	 factor	 differs	 among	 islands	 and	 has	 influenced	 the	
behavioural	dynamics	and	hence	the	selection	pressures.	T. oce-
anicus	 was	 introduced	 to	 Hawaii	 by	 humans,	 but	 is	 present	 in	
many	of	the	islands	across	Oceania,	where	it	occurs	in	disturbed	
areas	 such	 as	 lawns	 as	well	 as	 swampy	 grasslands	 (Otte,	 1994,	
Otte	 &	 Alexander,	 1983).	 Although	 the	 environment	 in	 Hawaii	
where	the	crickets	occur	appears	to	be	roughly	the	same	as	that	
where	the	species	occurs	elsewhere,	the	distribution	of	T. ocean-
icus	within	Hawaii	 is	 extremely	patchy,	with	many	habitats	 that	
appear	 to	 our	 eyes	 as	 suitable	 being	 unoccupied.	 Furthermore,	
we	 know	nothing	 about	when	or	where	 the	 fly,	which	 is	 native	
to	North	America,	was	introduced,	and	hence	the	length	of	time	
that	the	cricket	and	fly	have	associated	on	the	three	islands	where	









tolerant community members in various neighbourhoods throughout 
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Data	used	in	these	analyses	(counts	of	crickets	in	survey	plots	and	
distances	 from	playback	 speakers)	 have	been	placed	 in	 the	Dryad	
Digital	 Repository	 and	 are	 accessible	 at	 https://doi.org/10.5061/
dryad.bb384	(Zuk	et	al.,	2018).
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